B
iological membranes are increasingly understood to be organized, dynamic, and functional at the nanometer scale. Complex interactions between membranebound proteins, carbohydrates, and lipids are of growing interest, as the mesoscale effects of their molecular-scale interactions have only recently become experimentally observable. In particular, the processes of antigen-induced receptor clustering and lipidmediated transmembrane signaling are of fundamental immunological importance, but are dominated by interactions below the diffraction limit of light (∼200 nm). Thus, conventional optical attempts to observe membrane receptor clustering and lipid reorganization have been hampered by experimental resolution limits.
Two examples of dynamic, nanoscale membrane processes are the multivalent binding of cholera toxin subunit B (CTxB) to the ganglioside GM1 and the clustering of transmembrane immunoreceptors by multivalent antigens. Both of these phenomena involve ordered lipid domains composed of transient nanoscopic assemblies of proteins, glycolipids, and cholesterol. 1 Further, CTxB and antigen binding have been shown to alter the membrane organization by inducing lipid phase separation in previously mixed model membrane systems 2 and by affecting the local environment of key membrane proteins in living cells. 3 CTxB is the membrane-binding component of cholera toxin and is commonly used as a marker for the ordered regions of the plasma membrane due to the order-preferring nature of GM1. 2 On cells, the CTxB-GM1 complex undergoes rapid loss of mobility and internalization via mechanisms that are actively under investigation. 4 CTxB is of key biological importance due to its frequent use as a marker for ordered lipid domains and its involvement in cholera infections. CTxB has previously been studied with subdiffraction-limited resolution on fixed and live cells. 5 However, the transmembrane signaling caused by CTxB binding and the initiation of intracellular processes remains poorly defined, which reveals a critical lack of understanding of fundamental membrane biophysics. Within the immune system, membrane receptor clustering by multivalent antigen binding is commonly the first stage in signal transduction and the consequent cellular response to allergen exposure. The signaling cascades induced by multivalent antigen binding to immunoglobulin E (IgE) associated with its immunoreceptor (FcεRI) cause granule exocytosis, which is primarily responsible for allergic responses mediated by mast cells and basophils that can lead to inflammation and anaphylaxis. Cross-linking of IgEFcεRI causes its association with detergent-resistant, liquid-ordered membrane domains, and it is hypothesized to stabilize domains of order-preferring lipids that modulate the local concentration of membranebound kinases and phosphatases leading to signal propagation. 6 The nanoscale organization and dynamics of IgE-FcεRI upon antigen binding have been studied with scanning electron microscopy (SEM), 7À10 localization microscopy, 10,11 and single-particle tracking (SPT). 11À13 However, nanoscale heterogeneity in membrane domains in the vicinity of cross-linked receptors has yet to be observed directly due to experimental limitations. The development of novel experimental techniques continues to be of value to furthering the understanding of these phenomena. In particular, subdiffractionlimited techniques to reveal temporal correlations of molecular trajectories over a fixed illumination spot provide key information on molecular dynamics and clustering. Reducing the size of the illumination spot enables a reduction of the number of molecules simultaneously observed and an increase in signalto-noise for single-molecule measurements. Stimulated emission depletion (STED) microscopy utilizes laser-induced fluorescence depletion to collect fluorescence emission from only the center of a diffractionlimited fluorescence excitation spot of the sample with high-powered lasers.
14 Near-field scanning optical microscopy (NSOM) utilizes metallic scanning probes that must be maintained in close proximity to an unperturbed membrane. 15 Zero mode waveguides (ZMWs) require the detection area be within a hollow <100 nm diameter metallic aperture. 16 STED, NSOM, and ZMWs have been used for fluorescence correlation spectroscopy (FCS) at length scales below the typical diffraction limit. 17À21 However, the use of STED on biological samples has been limited by the need for intense irradiation of the sample (>150 mW/μm 2 ), the use of scanning probes on soft samples poses challenges for maintaining the distance between probe and the sample, and the use of ZMWs requires the sample to penetrate into a narrow aperture. Fluorescence cross-correlation spectroscopy (FCCS) provides information on the coordinated diffusion and cluster formation of fluorescently labeled molecules. Subdiffraction-limited illumination regions are especially important for the resolution of cross-correlations of weakly binding proteins of interest or in densely labeled samples due to the potentially large numbers of background molecules that could obscure the signal. Subdiffraction-limited FCCS has only previously been performed with ZMWs. 22 However, our attempts to explore membrane domains with ZMWs have given inconsistent results presumably due to the inherent sample geometry on ZMWs. Membranes on ZMWs experience sharp curvature into the illumination volume within the hollow aperture, 19, 23 which may alter the diffusion of membrane domains with variable bending rigidity and curvature preference. 24, 25 The planarized aperture-based technique presented here overcomes these challenges to provide subdiffractionlimited spatial resolution and microsecond temporal resolution for simultaneous observation of chromatically distinct fluorophores on planar membranes. Herein we present an experimental methodology for observing real-time, nanoscale membrane organization and dynamics in live cells and model membranes. FCS and two-color FCCS with a 55 nm illumination width are performed with planarized apertures within a two-objective microscope. Cross-correlations observed upon cross-linking membrane-bound proteins demonstrate the codiffusion and interactions at subdiffraction-limited length scales. The near-field excitation profile is analyzed both experimentally and computationally. The experimental system presented here provides significant advantages compared to other super-resolution techniques, including (1) the use of conventional fluorophores, (2) the lack of a scanning probe, (3) low laser powers, (4) no pulse timing or laser phase considerations, (5) minimal postacquisition data processing as compared to singlemolecule localization methods, and (6) the capability, with future developments, to simultaneously observe from numerous apertures in a planarized array. The proof-of-principle results presented here demonstrate a 55 nm illumination width for FCCS on planar membranes for the detection of nanoscale molecular crosslinking and mobility.
RESULTS
Experimental Setup. Our planarized apertures are 40À250 nm diameter glass pillars surrounded by a thin, opaque metal and coated by 10 nm of SiO 2 . Excitation light was transmitted through the aperture and confined to the subdiffraction-limited dimensions directly above the aperture. Only fluorophores directly ARTICLE above an aperture became excited and fluoresced (Figure 1 ), resulting in a subdiffraction-limited illumination profile, as previously reported. 26 27, 28 This setup yielded minimal sample perturbations (i.e., membrane curvature, laser-induced heating, or probe pressure) and provided a conventional glass surface to support the membranes. The sample was then placed within the twoobjective microscope with laser excitation focused on the underside of an aperture by a 40Â objective below the substrate, and fluorescence emission was collected by a 100Â dipping objective above the sample (Figure 1 ). The emission from fluorophores directly above a single aperture was measured by single-photon-counting avalanche photodiodes (APDs) to yield intensity vs time traces with 10 ns resolution.
Illumination Profile. To guide the fabrication of the planarized apertures, the illumination profile of the transmitted excitation light was measured computationally with finite element analysis (Figure 2, S1 ). Simulations were performed on apertures of 50 nm diameter (D50) and 100 nm diameter (D100) with 10 nm of SiO 2 coating the Al film. The opaque Al film restricted the light to be primarily within and above the aperture, causing the transmitted illumination profile to be determined by the aperture properties rather than by the diffraction limit. Simulations revealed that when linear polarized light was incident upon the underside of the apertures, there was a strong enhancement of the electric fields at the aperture rim perpendicular to the polarization (Figure 2A Finite element analysis was performed to computationally predict the illumination profile above (AÀD) 50 nm and (EÀF) 100 nm diameter apertures. Normalizations were performed on each aperture diameter independently so that the brightest spots in AÀD and EÀH were separately set to unity, with 54Â greater maximum intensity for the 100 nm vs 50 nm apertures. Results for (A, B, E, F) linear and (C, D, G, H) circularly polarized incident light are shown. The vertical scale (z) was set equal to zero at the top of the SiO 2 coating of the apertures; the Al film and the SiO 2 pillar exist at z < À10 nm.
ARTICLE
At the top of the SiO 2 coating (z = 0), the maximum light intensity was found above the center for D50. However, for D100, the edge enhancement causes the greatest light intensity above the aperture edge at z = 0. For z g 10 nm, the strongest light intensity was found above the center of the aperture for both D50 and D100 ( Figure 2D, H) .
The width of the illumination increased with increasing z (Figure 2D, H) . The narrowest illumination was closest to the apertures, with a full width at halfmaximum (fwhm) at z = 0 of 64 and 121 nm for D50 and D100, respectively. At z = 20, the fwhm increased to 80 and 124 nm for D50 and D100, respectively; at z = 50 nm, the fwhm increased to 130 and 135 nm for D50 and D100, respectively. These numbers illustrate how the illumination profiles spread more quickly after being confined to smaller apertures. For example, as z increased from 0 to 50 nm, the fwhm increased by 103% for D50 and 12% for D100. Similarly, the maximum intensity of the illumination at different z planes decreased quicker for smaller diameter apertures ( Figure 2D , H). The peak intensity at z = 0 was double that found at z = 11 nm and z = 20 nm for D50 and D100, respectively. These numbers display the very strong z dependence on the illumination intensity, as can be seen by comparing the y-intercepts in Figure 2D , H. The z confinement of the illumination after passing through these nanoscale apertures was 10À20 times smaller than that for total internal reflection fluorescence (TIRF) microscopy.
For further evaluation, finite element analysis was used to compute the effects of varying the aperture properties. The aperture diameter, the index of refraction of the material within the aperture, the index of refraction of the material covering the aperture, and the type of metal surrounding the aperture were tested, and the resulting illumination profiles are shown in the Supporting Information ( Figure S1 ).
Aperture Fabrication and Characterization. On a 500 μm thick fused silica substrate, 40À250 nm diameter fused silica pillars were defined by variable exposure duration of electron beam lithography and CF 4 reactive ion etching ( Figures S2, S3 ). Pillars were surrounded by 100 nm thick, sputtered Al alloy film. The sample was planarized with chemical mechanical polishing ( Figures S2,S5) , and 10 nm of SiO 2 was deposited on the planarized substrate via atomic layer deposition (ALD) to ensure biological compatibility.
Demonstration of the variation in aperture diameters, the control over the aperture spacing, and the minimal number of potentially disruptive pinholes through the metal could be quickly assessed through color images of transmitted light (Figure 3 ). Typically there were >1000 fabricated apertures per pinhole, and the apertures were easily identified via their consistent brightness and fabrication on a square lattice. Light of longer wavelengths experiences greater attenuation through smaller diameter apertures, in agreement with BetheÀBouwkamp theory. 29, 30 Larger apertures transmit a greater intensity of light, and the light they do transmit contains longer wavelengths compared to the light transmitted through smaller apertures. Apertures were fabricated on a square lattice with variable spacing: 1 μm spacing enabled easier observation of multiple apertures with atomic force microscopy (AFM) and SEM, and 10 μm spacing ensured there would be no cross-talk between the apertures in the resulting transmitted illumination profiles for fluorescence measurements. 31 The height of the apertures relative to the surrounding metal film was measured with AFM ( Figure 4 ). The final surface of the apertures had an RMS roughness of 1.2 nm with an aperture protrusion of less than 3 nm. The height and size of the aperture were comparable to the grains of Al alloy and ALD-deposited SiO 2 surrounding the apertures. Figure 5 ). After formation of the supported lipid bilayer and incubation with CTxB-AF488 and CTxB-AF647, near-field FCS and FCCS were performed to examine the lateral diffusion of labeled CTxB above 50 nm diameter planarized apertures. The density of independent diffusers was assessed by examining the correlations at short lag times (G 0, eq 3) prior to the addition of a cross-linking antibody. Upon addition of a bivalent, polyclonal antibody specific for CTxB (anti-CTxB), G 0,AF488 , G 0,AF647 , and G 0,Cross increased by factors of 1.8, 2.8, and 8.3, respectively ( Figure 5EÀG ). The mean dwell time (τ D , eq 7) of CTxB in autocorrelations prior to cross-linking was 6 ( 1 ms. After cross-linking, the average τ D of the autocorrelations increased to 11 ( 2 ms, while τ D from the cross-correlation was 40 ( 4 ms. The observed degree of clustering of the separately labeled populations of CTxB (F C , eq 8) increased from 0.03 to 0.12 upon cross-linking by anti-CTxB.
Fitting these results to eq 7 quantifies the diffusion anomaly and the fluorophore blinking. However, these parameters were not significantly affected by the cross-linking antibody. For example, the autocorrelations for both color channels and for both before and after cross-linking yielded R = 0.68 ( 0.06, τ T = 0.2 ( 0.01 ms, and F T = 0.07 ( 0.03. These supported lipid bilayer results were repeated on five different days with different apertures with quantifiably reproducible results ((15%).
Near-Field FCCS on Live Cells. FcεRI in the plasma membrane of mast cells were bound to fluorescently labeled IgEs, which were bivalent for 2,4-dinitrophenyl (DNP). The IgEs were covalently labeled with either AF488 or AF647, and their diffusion while bound to FcεRI was measured by FCS and FCCS above 50 nm diameter planarized apertures. The lateral diffusion of FcεRI-IgE-AF488 and FcεRI-IgE-AF647 in the plasma membrane was observed to be independent in the absence of a cross-linker, with very weak cross-correlation; Varying concentrations of Y 16 -DNP 3 and the highly multivalent DNP-bovine serum albumin (BSA) with 10À20 DNP groups per BSA were tested. Both higher concentrations of Y 16 -DNP 3 and a range of concentrations of DNP-BSA appropriate for stimulation yielded correlations that were very noisy, and the extraction of fit parameters was unreliable. For lower concentrations of Y 16 -DNP 3 (<3 nM), autocorrelations continued to be clear for both color channels and F C did not increase consistently, suggesting that this low cross-linker concentration was insufficient to cluster FcεRI-IgE.
DISCUSSION
FCS and FCCS data are notoriously difficult to interpret due to similar autocorrelation shapes for various diffusion processes, the inherent signal averaging in correlation functions, and the requirement of large numbers of single-particle trajectories within a single measurement as to achieve reproducible results. Fitting parameters as described in eq 7 provide a basis for data interpretation. Traditionally, G 0 quantifies the density of diffusers and τ D quantifies the characteristic duration over the illumination area. As described below, we have utilized these fit parameters to reveal the distribution of cluster sizes. The values of τ T and F T are a measure of the particular fluorophore properties (e.g., blinking rate) as affected by the total illumination intensities and buffer conditions and are not expected to reveal insights into the molecular mobility or clustering. Future studies will assess the cause of the apparent anomalous diffusion of CTxB on GM1 in these supported POPC bilayers (i.e., R 6 ¼ 1), which could be the result of substrateÀmembrane interactions, transient associations between molecules within the membrane, or a non-Gaussian illumination profile, as also discussed below.
Sub-Diffraction-Limited Illumination Profile. By measuring the dwell time of a diffuser with a known diffusion coefficient (D), we estimate the characteristic size of the illumination profile. The diffusion coefficient (D) of CTxB in a POPC-supported lipid bilayer has been measured by both SPT via localization microscopy and fluorescence recovery after photobleaching (FRAP) to be 0.12 ( 0.03 μm 2 /s ( Figure S6 ). The mean dwell time (τ D , eq 7) of CTxB in autocorrelations prior to crosslinking above planarized apertures was 6 ( 1 ms. 2D Brownian diffusers are expected to diffuse a mean squared distance, AEr 2 ae, in the time Δt according to AEr 2 ae = 4DΔt. Applying the measured value of D for CTxB and the measured dwell time with planarized apertures, this yields a characteristic illumination of 55 ( 10 nm. This is approximately one-quarter that expected for a diffraction-limited system and consistent with computational simulations for 50 nm diameter apertures.
Similar analysis to estimate the size of the illumination profile was performed for planarized aperture illumination of live cell membranes. D of FcεRI-IgE in the plasma membrane has been previously measured to be 0.10 ( 0.05 μm 2 /s in the absence of crosslinking, 11 and we observe a dwell time of 11 ( 2 ms for FcεRI-IgE before cross-linking. Therefore, the characteristic illumination width from a planarized aperture on live cells was 66 ( 15 nm. This observed size of the illumination profile on live cell membranes was marginally larger than that observed for supported lipid bilayers and may be attributed to the different separation distances from the substrates to the membranes; however this difference in apparent illumination profile was not statistically significant. 
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Detecting Membrane Cross-Linking. Larger G 0 values indicate that an increased fraction of the intensity signal comes from each independent diffuser. Thus, a larger G 0 value indicates that there are fewer independent diffusers simultaneously present in the observation region on average, and this is commonly interpreted as a decrease in the density of diffusers. Upon crosslinking, previously independent diffusers are combined into fewer, larger clusters, and this alone reduces the density of independent diffusers without necessarily reducing the number of fluorophores or proteins on the membrane.
In the presence of stochastic cross-linking without fixed stoichiometries, it is feasible to simultaneously have monomeric, single-colored diffusers and multimeric, multicolored diffusers on the membrane. These two species can be distinguished through comparison of the autocorrelations with the cross-correlations. Both the single-colored and multicolored diffusers will contribute to each autocorrelation, while only the multicolored diffusers will contribute to the crosscorrelations.
On both model membranes and live cells, clear autocorrelations were observed in both color channels, while minimal cross-correlation was observed before the addition of cross-linkers ( Figures 5EÀG and 6C) . The presence of a nonzero G 0,Cross before cross-linking may have been due to chromatic bleed-through between the two color channels or due to a small amount of spontaneous aggregation of the proteins on the membrane in the absence of cross-linker. Identical values of F C on both live cells and model membranes before cross-linking support chromatic bleed-through as the explanation. When CTxB on model membranes was cross-linked with anti-CTxB, clusters of multiple CTxB formed on the membrane, including both CTxB-AF488 and CTxB-AF647 within the same clusters. This was measured by the increase in F C from 0.03 to 0.12, the increase in G 0,488 and G 0,647 by an average of 2.1 times, and analysis of the correlation dwell times as discussed below. Similarly, when FcεRI-IgE on live cells were cross-linked with Y 16 -DNP 3 , clusters containing both FcεRI-IgE-AF488 and FcεRI-IgE-AF647 were formed. These clusters were identified by the large changes in the cross-correlations observed upon crosslinking ( Figures 5G and 6C, D) . On live cells, F C increased from 0.03 to 0.33 and G 0,488 and G 0,647 increased by an average of 2.4 times upon cross-linking with Y 16 -DNP 3 .
At the cross-linker concentrations used, wide-field images of both the model and live cell membranes appeared to have a uniform fluorescence in both the AF488 and AF647 color channels before and after cross-linking. This indicated that the fluorophore density was roughly consistent on all diffraction-limited length scales (i.e., >200 nm) and that clustering caused no large CTxB or FcεRI-IgE density differences within the time scale of these measurements. At the concentration used in our experiments (4.2 nM), Y 16 -DNP 3 was shown to stimulate 40% of the maximal degranulation response at 42 nM Y 16 -DNP 3 in RBL mast cells with minimal receptor internalization despite having only 10% of the cross-linker concentration at an optimal dose. 32 These data contribute to the body of data that suggests clusters of membrane receptors need not be massively cross-linked or immobilized to initiate downstream signaling. 11 Further analysis of the relative potency of signaling clusters with varying size and mobility will be a focus of future studies.
Varying the cross-linker concentration or valency altered the observed clustering. Concentrations of antiCTxB and Y 16 -DNP 3 that were 3 times lower or 3 times higher than reported here yielded cross-linking that is difficult to resolve. Similarly, increasing the valency of the IgE cross-linker via the use of DNP-BSA resulted in a greater extent of cross-linking of the FcεRI-IgE, receptor immobilization, and internalization. Both immobilization and internalization would contribute to a greater noise within the FCS and FCCS data as fewer diffusers would be sampled during a single 30 s observation.
Dwell Time Changes Reveal Fractional Clustering. As individual membrane-bound proteins are cross-linked into larger clusters of multiple proteins diffusing together, their diffusion is slowed. Previous studies have suggested diffusion on membranes should slow proportionally to the log of the inverse of the protein radius, 33, 34 while others find slowing proportional to the inverse of the protein radius. 35 Challenges measuring the membrane viscosity, adhesion to the substrate, and interactions with the fluid surrounding the membrane make direct determination of the clustered fractions from the changes in diffusion rates difficult. However, comparison of the cross-correlation vs autocorrelation dwell times upon cross-linking provides a means of assessing the relative density of monomeric vs clustered diffusers. Upon cross-linking model membrane-bound CTxB with anti-CTxB, τ D from the autocorrelations increased from 6 ms to 11 ms ( Figure 5E, F) . τ D for the crosscorrelation after cross-linking was 40 ms (Figure 5G ), 4 times longer than τ D for the post-cross-linking autocorrelations. τ D for the cross-correlation before crosslinking could not be fit with certainty. The difference between the auto-and cross-correlations after cross-linking is that autocorrelations measure both multicolored and single-colored diffusers, whereas the crosscorrelations measure only the multicolored diffusers. The difference in diffusion rates between single CTxB and clusters of CTxB was not sufficient with respect to the noise level of the autocorrelations to warrant fitting the autocorrelations to a functional form for two or more unknown diffusion rates. However, an approximate ratio of un-cross-linked CTxB (as determined by pre-crosslinked autocorrelation) vs cross-linked clusters of CTxB (as determined by the post-cross-linked cross-correlation) ARTICLE was determined by fitting the post-cross-linking autocorrelation to a linear combination of the pre-cross-linking autocorrelation τ D and the post-cross-linking crosscorrelation τ D . Through fitting a linear combination of these fits to the post-cross-linking autocorrelation, it was determined that 67% of the post-cross-linking autocorrelation was from monomeric CTxB and 33% was from clustered diffusers.
A Poisson distribution of cluster sizes is expected if individual receptors and clusters of receptors both diffuse over the membrane and cross-link to any other receptors they contact. The fraction of clusters with n proteins is given by a diffuser size distribution (DSD) according to
where a is the mean cluster size. The contribution to the autocorrelation functions from each cluster is proportional to the number of proteins (and thus the number of fluorophores) in the cluster. Binomial statistics indicate that for clusters with two CTxB, for example, 25% would have two CTxB-AF488, 25% would have two CTxB-AF647, and 50% would have one CTxB-AF488 and one CTxB-AF647. Thus, the average brightness in one channel for a cluster of two CTxB would be 1.33 times the brightness of a single CTxB since the cluster entirely composed by CTxB of the other color would not contribute to the signal. In a single-color channel, a cluster of n proteins would have a brightness B(n)-fold greater than a monomeric CTxB in that color channel, where
As expected, B(n) quickly approaches n/2, as a large cluster will be on averaged equal numbers of each color of CTxB. Thus, the predicted fraction of the postcross-linking autocorrelation that comes from independently diffusing CTxB as a function of the average diffuser size would be
Numerically solving F mono for the observed 67% yields a mean of 1.3 CTxB per diffuser after crosslinking, which translates to 74% of the CTxB were diffusing independently, 22% were diffusing bound in pairs, 3.4% were diffusing in clusters of three CTxB, etc., from eq 1.
We can apply this same analysis to the correlations from IgE-FcεRI on living cells. The live cell autocorrelations after cross-linking had a faster dwell time than the cross-correlation as result of autocorrelations having measured both monomeric receptors and clusters of receptors, whereas cross-correlations measured only clusters of receptors. Fitting the post-cross-linking autocorrelation data to a linear combination of the dwell times from the pre-cross-linking autocorrelation (to represent the monomer fraction) and the post-cross-linking cross-correlation (to represent the clustered fraction) shows that 28% of the post-crosslinking autocorrelation came from monomeric FcεRI-IgE diffusers and 72% from receptors in larger clusters. Solving eq 3 for F mono (a) = 28% yields an average of 2.0 IgE-FcεRI per cluster, which translates to 38% of diffusers were monomeric IgE-FcεRI, 37% of diffusers were composed of two IgE-FcεRI, 18% of diffusers included three IgE-FcεRI, etc., from eq 1.
Dwell Time vs Aperture Diameter. Planarized apertures could provide a means of controlling the sub-diffractionlimited illumination through control of the aperture diameter. As light was limited to transmission through the apertures, those with smaller diameters could yield a smaller illumination area at the top of the aperture, as predicted with computational simulations (Figures 2 and S1 ). This could provide a means for examining nanoscale non-Brownian diffusion through analysis of τ D vs illumination area.
36,37 However, we have not observed variation in τ D with aperture diameter for planar membranes above current apertures varying from 60 to 250 nm diameter ( Figure 7 ). The dwell time for GM1-Bodipy in a POPC bilayer was 0.40 ( 0.1 ms regardless of aperture diameter. D for GM1-Bodipy in a POPC bilayer has been previously measured to be 2.0 ( 0.2 μm 2 /s. 26 The characteristic illumination width was calculated to be 56 ( 12 nm without an observable dependence on aperture diameter. We hypothesize that the illumination profile on the membrane was affected by the plasmonic effects at the top rim of the aperture. This near-field rim effect could ARTICLE reduce the dependence of the illumination size on the diameter of the aperture. The corners of metal that define the top rim of the aperture are a source of significant enhancement of the excitation light, as seen within finite element analysis (FEA) simulations (Figure 2) . The rim effect could be greater than observed in FEA simulations due to nanoscale roughness in the fabricated apertures that could magnify the field enhancement. Previous studies have demonstrated the presence of a rim effect in single-fluorophore emission brightness, 38 polarization dependence, 39 lifetime, 40 angular emission, 41 and computational analysis. 21, 42 Our attempts to measure the illumination profile from the planarized aperture directly with near-field scanning optical microscopy proved to be uninformative (data not shown). Presumably the convolution of the nontrivial NSOM point spread function with that from the planarized apertures resulted in a highly convoluted NSOM image. Previous uses of ZMWs with membranes have demonstrated a variation in dwell time with aperture diameter, 21, 37 although these studies incorporated neither a solid filling of their aperture, leaving uncertainty as to the penetration of the membrane into the aperture, nor planarization, which may sharpen the aperture rim and enhance the edge effect. Further, Leutengger et al. demonstrated a suppressed increase in dwell time with increasing aperture diameter, which they justified as "surface effects" of the fluorophores in solution. 21 The traditional interpretation of cross-correlations and clustering continues to apply to a rim-affected illumination profile; if different fluorophores are clustered so that they regularly enter and leave the illumination profile together, then a crosscorrelation will be evident regardless of the shape of the illumination profile. Many prior studies with fluorescence from apertures suggest a strong influence of aperture edges on fluorescence excitation, 38À42 and we have performed simulations to estimate the effects of a rim-dominated illumination profile. To model how a rim-affected illumination profile would influence the apparent dwell time vs varying aperture radius, we simulated a 2D Brownian diffuser within an illumination profile defined as
Here, r is the distance between the diffuser and the center of the aperture, r A is the aperture radius, I R is the intensity of illumination enhanced by the aperture rim (of width w R ), and I A is the intensity of the illumination that spans the width of the aperture. To compare the simulation of a Brownian diffuser with the observed data of GM1-Bodipy in a POPC-supported lipid bilayer, we set D = 2 μm 2 /s and w R = 17 nm while simulating varying values for r A and the ratio of I A /I R ( Figure 7 ). Individual plots of the dwell time vs aperture size for different I A /I R ratios could fit the experimental data set better with different values of w R ; however, setting w R = 17 nm provided a suitable compromise for the different I A /I R ratios that demonstrated an appropriately low increase in dwell time vs aperture size. The ratio of I A /I R determines the contribution of each component to the net illumination profile. When I A /I R = 0, the illumination profile is solely determined by the aperture rim and the dwell time stops increasing with aperture radius for r A > 1.2 w R . When I A /I R > 1, the illumination profile contains negligible contribution from the aperture rim and the dwell time increases proportionally to the square of the aperture radius, as expected. When I A /I R = 1, w R = 17 nm, and r A = 50 nm, the power of illumination from the aperture rim accounts for 43% of the net illumination power.
Comparison of the experimentally observed changes in dwell time vs aperture size to the Brownian diffusion simulations reveals the observed contribution of the rim to the net illumination profile (Figure 7 ). Despite the large uncertainty in the experimental data, agreement between the experimental and simulated data requires I A /I R < 0.2, indicating that at least 81% of the net illumination power is coming from the field enhancement at the aperture rim when w R = 17 nm and r A = 50 nm. The FEA simulations presented earlier suggest that 100 nm diameter apertures (r A = 50 nm) have a I A /I R = 2 at z = 0 ( Figure 2H ). However, nanoscale roughness in the fabricated apertures may greatly enhance the field enhancement at the aperture rim, which were not incorporated into the FEA simulations of perfectly flat and round apertures. Further, it is likely that the ratio of I A /I R could vary with aperture radius, as the larger diameter apertures would be less attenuating of the incident fluorescence excitation. These Brownian diffusion simulations demonstrate the consistency between a rim-affected illumination profile and the observed variation in dwell time with aperture diameter, but additional experiments would be necessary to elucidate the details.
CONCLUSIONS
Planarized nanoscale apertures have been be used to create simultaneous sub-diffraction-limited illumination with two excitation wavelengths for FCS and FCCS on membranes. The illuminated region of the sample is determined by the aperture rather than by the diffraction limit. With two microscope objectives, the incident excitation light passes through the aperture to excite only fluorophores in close proximity to the aperture, and the fluorophore emission was collected from above. These planarized apertures are advantageous because they do not induce membrane curvature and maintain close proximity to the membrane without a scanning probe. The functionality of this method has been demonstrated on both model membranes and plasma membranes of living cells. In both cases, two chromatically distinct and independently ARTICLE diffusing populations of membrane-bound proteins were cross-linked, and their cross-correlation became prominent. Through analysis of the change in the correlations with cross-linking, we have quantified the change in mobility and the cluster sizes of membranebound proteins. Analysis of the change in diffusion dwell time with aperture diameter has suggested the presence of a rim-affected illumination profile where the electric field enhancement at the aperture rim dominates the fluorophore excitation regardless of aperture diameter.
This technique holds promise for the nanoscale study of signaling cascades and protein recruitment to nanoscale signaling complexes. It is particularly well suited for the study of proteinÀprotein and proteinÀlipid associations that may be dependent on sub-micrometer-scale membrane domains. For this application, the capacity to simultaneously monitor multiple near-field apertures would offer the potential to map membrane heterogeneities at physiologically relevant length scales. Future measurements of the correlated diffusion of interacting membrane-bound signal-transmitting lipids and proteins with sub-diffraction-limited resolution are expected to provide novel insights into the fundamental biophysical processes of nanoscale membrane phenomena.
MATERIALS AND METHODS
FCS and FCCS Analysis. FCS and FCCS are powerful techniques for extracting mobility and binding information on mobile fluorescent objectives ("diffusers") traversing through a detection region. FCS is an analysis of the temporal autocorrelation of intensity (I) vs time (t) in a single-color channel according to
where AEae indicates the time average, τ is the lag time, and δI = I À AEIae. FCCS is the examination of the temporal cross-correlation of two different intensity signals (I 1 and I 2 ), reflecting the correlated diffusion of two species that are labeled with two chromatically separate fluorophores, according to
Both autocorrelations and cross-correlations on membranes can be fit to the functional form expected for two-dimensional anomalous diffusion in the presence of fluorophore blinking, according to
where τ D is the characteristic dwell time of the diffuser, R quantifies the degree of diffusion anomaly, F T is the fraction of diffusers within the dark triplet state, and τ T is the triplet blinking correlation time. 17, 26 G 0 reflects the ratio in intensity of individual intensity fluctuations to the total detected intensity and is often interpreted as the inverse of the number of independent diffusers simultaneously within the detection region (N). However, G 0 equals 1/N only in the absence of background or chromatic bleed-through within the fluorescence signal. More accurately, the cross-linked fraction of diffusers (F C ) is quantified as the ratio of the G 0 values for the cross-correlation vs the average of the autocorrelations, according to
where G 0,1 , G 0,2 , and G 0,C represent the values of G 0 fit from eq 7 to the autocorrelation of the first and second color channels and the cross-correlation between color channels, respectively. Upon cross-linking, the total number of fluorescent molecules on the membrane may not have changed, while G 0 values increase since the fluorescent molecules became clustered and stopped diffusing independently. This results in fewer, brighter independent diffusers, each with multiple fluorescent molecules. Fabrication. Pillars of negative resist (Sumitomo Chemical Co., Ltd., Sumiresist NEB-31A2) were patterned by electron beam lithography (JEOL USA Inc., JBX-9300FS) on a 100 mm diameter, 500 μm thick fused silica wafer to be 150 nm tall with diameters between 80 and 500 nm. The resist pillars masked the fused silica during a CF4 reactive ion etch (Oxford Instruments plc, PlasmaLab 80þ) for the creation of pillars of fused silica. The resist was removed with O 2 reactive ion etch (Oxford Instruments plc, PlasmaLab 80þ), and the pillars of fused silica were further etched with buffered oxide etch (6:1 volume ratio of 40% NH 4 F in water to 49% HF in water) to yield fused silica pillars as small as 40 nm diameter. WARNING: HF is very dangerous and precautions must be taken. The wafer was then uniformly coated with 200 nm of sputtered Al alloy, Al 95% Cu 4% Si 1% (Cascade Vacuum Consulting, 601), and planarized with chemical mechanical polishing (Strasbaugh, 6EC) to remove all but 100 ( 20 nm of the Al alloy and expose the tops of the fused silica pillars. The shape of the illumination profile is not expected to vary with the thickness of the metal films, but the intensity of the transmitted light did vary with film thickness. Metal films thinner than 80 nm provided insufficient blocking of light around the aperture, while metal films thicker than 120 nm resulted in too little illumination transmitted through the aperture. Metal deposition via sputtering films yielded a more conformal coating of the fused silica pillars and fewer pinholes than evaporated Al films. The polished apertures were coated with 10 nm of SiO 2 through atomic layer deposition (Oxford Instruments plc, FlexAL) to ensure biological compatibility, consistency with other experiments performed on glass coverslips, and greater consistency in supported lipid bilayer formation. Thirty-two independent 14 mm Â 14 mm dies, each with nine different sizes of apertures, were created from each 100 mm diameter wafer. Each 14 mm Â 14 mm die was glued over a 10 mm diameter hole on the underside of a 35 mm diameter plastic Petri dish for containment of the buffer or biological media. The devices were examined optically (Olympus Corp., IX71, BX51), with SEM (Carl Zeiss Microscopy LLC, Supra 55), and with AFM (Veeco Instruments Inc., Dimension Icon).
Finite Element Analysis. Three-dimensional finite element analysis simulations were performed in the electromagnetic module of COMSOL Multiphysics (COMSOL Inc.) with a perfectly matched boundary layer condition. 43, 44 Simulations included transmission of linearly polarized light with a free-space wavelength of 488 nm through a nanoaperture in a 100 nm thick metal film that was supported by, filled with, and coated with SiO 2 . Above the apertures, water was assumed to be covering the substrate, as would be the case in biological experiments. Simulation results for unpolarized or the time averaged circularly polarized incident light were calculated as an average over the azimuthal angle, yielding cylindrical symmetry. Complex indices of refraction used to simulate SiO 2 , Al, and H 2 O were 1.46, 0.73À5.9i, and 1.34, respectively. In the Supporting Information, simulations of other aperture designs are described. Details of the simulated material properties are shown in Table S1 and Figure S1 .
Simulated Diffusion. A Brownian diffusing particle was simulated over the illumination profile given in eq 4. The intensity vs ARTICLE time was calculated, and a temporal autocorrelation was performed. Size and length scale of the simulation was determined through comparison of the simulation results to the experimental data. The particle was observed over 12.5 s with time steps of 0.19 μs and D = 2 μm 2 /s with periodic boundary conditions within a square box of >4 μm width and repeated 30 times for r 0 varying from 0 to 2.5 μm and w 0 = 17 nm. The mean dwell times vs r 0 are plotted in Figure 7D , and standard error of the mean of repeated simulations was approximately the width of the dashed line. Since an analytically predicted functional form of the autocorrelation results of these simulations was not available, the lag time at which the autocorrelation decayed to half of its maximum value was used as an estimate of the dwell time.
Optical Setup. A two-objective, transillumination microscope was developed for near-field FCS and FCCS with planarized apertures that incorporated both an inverted microscope (Olympus Corp., IX71) and an upright microscope (Olympus Corp., BX51). A 40Â objective (NA = 0.65) for focusing the excitation light on the underside of a single aperture and a 100Â dipping objective (NA = 1.0) above the sample for collecting the fluorophore emission were used (Figure 1 ). The top objective was necessary to collect fluorophore emission; requiring emission to transmit through the aperture for collection by the bottom objective would have resulted in the reduction of signal due to the restricted transmission through the aperture. Only fluorophores that were in close proximity to the aperture absorbed the excitation light and emitted at longer wavelengths, λ ex and λ em , respectively. AF488 (λ ex = 488 nm, λ em = 505À540 nm) and AF647 (λ ex = 647 nm, λ em = 650À690 nm) were excited with 1 mW of circularly polarized excitation light on the underside of the aperture. Approximately 1% of the incident excitation light was transmitted through the aperture, with variations depending on aperture diameter and λ ex , yielding a peak excitation intensity of approximately 2 kW/cm 2 on the membrane and 10 4 counts/s/fluorophore of collected emission. Excitation intensities were varied to ensure that there was not significant photobleaching or photodamage to the sample at this illumination intensity. The results presented here are quantitatively similar to illumination intensities as low as 0.2 kW/cm 2 , albeit with greater signal-to-noise at 2 kW/cm 2 . The emission was divided into two color channels by a dichroic mirror (Semrock Inc., FF562-Di02) and individually chromatically filtered (Semrock Inc., FF01-512/25 or Chroma Technology Corp., ET655lp). Each color channel was directed to an avalanche photodiode (PerkinElmer, SPCM-AQRH) via a 50 μm core diameter single-mode optical fiber and correlated by a highresolution multiple-tau correlator (Correlator.com Flex02-12D). Details of the procedure used to achieve alignment of the optical system are provided in the Supporting Information.
FCS Analysis. Sequential I vs t traces, each lasting 30 s, were acquired and correlated with eqs 1 and 2. Resulting correlations were averaged and fit to eq 7 ( Figures 5EÀG and 6C, D) ; the error bars represent the standard error of the mean of sequential measurements. The I vs t plots were evaluated to ensure there was no significant decrease in I at large t, which could imply photobleaching or alignment drift. Often individual peaks in I vs t could be identified for analysis ( Figures 5C, D  and 6A, B) .
Supported Lipid Bilayers. Supported lipid bilayers were prepared according to standard techniques on recently plasma cleaned, SiO 2 -coated planarized apertures by vesicle fusion. For experiments with CTxB, small unilaminar vesicles (SUVs) were created by first mixing 1 mg of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids Inc.) and 1 μg of GM1 (Avanti Polar Lipids Inc.), each initially in chloroform, in a glass vial. For experiments with GM1-Bodipy, 1 mg of POPC and 1 μg of GM1-Bodipy (Life Technologies Inc.) were added to the glass vial. The mixtures were dried of all chloroform for >20 min under an N 2 stream and >10 min under vacuum. The resulting film was rehydrated by the addition of 1 mL of phosphatebuffered saline solution (PBS) and 20 min sonication with a probe sonicator (Thermo Fisher Scientific Inc., model 50 Sonic Dismembrator). The resulting SUV solutions were then spun in a microcentrifuge at 16000g to pellet the metallic contaminates from the sonicator. The resulting supernatant was stored for up to a week at 4°C as a 1 mg/mL mixture of SUVs.
Within 10 min prior to the supported lipid bilayer formation, the substrate was exposed to 20 s of air plasma (Harrick Plasma PCD-001) to make the glass surface hydrophilic. Each supported lipid bilayer was created by the incubation of 100 μL of the 1 mg/mL SUV solution on a 100 mm 2 hydrophilic glass surface. The exposure of the SUVs to the hydrophilic surface resulted in vesicle fusion and the formation of a continuous planar bilayer. Excessive SUVs were aggressively rinsed away with 10 mL of PBS. When applicable, the resulting membrane was incubated in PBS with 0.1 μg/mL each of CTxB-AF488 and CTxB-AF647 for 20 min, and unbound CTxB was rinsed away with excess PBS. The lateral diffusion of CTxB bound to the membrane or GM1-Bodipy within the membrane was measured at room temperature (21°C). For the cross-linking of the CTxB, 1 μL of the anti-CTxB (Calbiochem, 227040 goat pAb) was diluted into 2 mL of PBS, and cross-correlations were apparent within 5 min at room temperature and consistent for over 30 min. Determination of the diffusion coefficient of CTxB in a POPC-supported lipid bilayer was performed with FRAP 45 and SPT via STORM ((direct) stochastic optical reconstruction microscopy), 11 as described in detail in the Supporting Information, making use of PALM3D 46 (fluorescence photoactivated localization microscopy) and Track.pro for MATLAB. 47 Live Cells. Rat basophilic leukemia (RBL-2H3) mast cells 48 were cultured and harvested as described previously. 49 For near-field spectroscopy, the cells were incubated for at least 4 h and generally overnight on the glass-coated planarized apertures in a cell growth medium (minimal essential medium with 20% fetal bovine serum and 10 μg/mL gentamicin sulfate) at 37°C and 5% CO 2 . These adherent cells were sensitized with 0.5 μg/mL IgE-AF488 and 0.5 μg/mL IgE-AF647 in HEPESbuffered MEM for 20 min at room temperature on a shaker. Excess IgE was removed through rinsing, and cells were imaged at room temperature within buffered saline solution (BSS, 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5.6 mM glucose, 20 mM HEPES, 1 mg/mL BSA, pH 7.4). Cells were stimulated with the addition of 1 mL of BSS premixed with DNA-or BSA-based multivalent antigens: Y 16 -DNP 3 at final concentrations of 0.42, 4.2, and 42 nM and DNP-BSA at final concentrations of 0.1 and 1 μg/mL were tested. Y 16 -DNP 3 32 and DNP-BSA 50 were prepared as described previously.
